The nutrient sensing protein, SIRT1 influences aging and nutritional interventions such as caloric restriction in animals, however, the role of SIRT1 in human aging remains unclear. Here, the role of SIRT1 single-nucleotide polymorphisms (SNPs) and serum-induced SIRT1 protein expression (a novel assay that detects circulating factors that influence SIRT1 expression in vitro) were studied in the Concord Health and Ageing in Men Project (CHAMP), a prospective cohort of community dwelling men aged 70 years and older. Serum-induced SIRT1 expression was not associated with age or mortality, however participants within the lowest quintile were less likely to be frail (odds ratio (OR) 0.34, 95% confidence interval (CI) 0.17-0.69, N = 1,309). Serum-induced SIRT1 expression was associated with some markers of body composition and nutrition (height, weight, body fat and lean % mass, albumin, and cholesterol) but not disease. SIRT1 SNPs rs2273773, rs3740051, and rs3758391 showed no association with age, frailty, or mortality but were associated with weight, height, body fat and lean, and albumin levels. There were some weak associations between SIRT1 SNPs and arthritis, heart attack, deafness, and cognitive impairment. There was no association between SIRT1 SNPs and the serum-induced SIRT1 assay. SIRT1 SNPs and serum-induced SIRT1 expression in older men may be more closely associated with nutrition and body composition than aging and age-related conditions. Keywords: Sirtuin-SIRT1-Polymorphism-Frailty-Mortality-Body composition SIRT1 is an NAD + -dependent deacetylase with key roles in aging and the responses to caloric restriction through its regulation of downstream targets such as PGC1α, FOXO, p53, and NF-κB (1,2). Caloric restriction is associated with increased activity and/or expression of SIRT1 (3,4), whereas increased SIRT1 activity generated by genetic or pharmaceutical interventions has been associated with delayed aging and delayed onset of metabolic disorders in animal models (1,2,5).
SIRT1 is an NAD
+ -dependent deacetylase with key roles in aging and the responses to caloric restriction through its regulation of downstream targets such as PGC1α, FOXO, p53, and NF-κB (1, 2) . Caloric restriction is associated with increased activity and/or expression of SIRT1 (3, 4) , whereas increased SIRT1 activity generated by genetic or pharmaceutical interventions has been associated with delayed aging and delayed onset of metabolic disorders in animal models (1, 2, 5) .
SIRT1 is a protein found in nuclei of most tissues, which limits the biological significance of blood measurements of SIRT1. Therefore, de Cabo and colleagues developed a bioassay to determine circulating factors that regulate the expression of SIRT1 protein (3, 6) . Rats and humans undergoing caloric restriction have increased levels of circulating factors that induce SIRT1 expression, which is consistent with the conclusion that caloric restriction delays aging at least in part by increasing SIRT1 expression (3, 7) . However, in a pilot study of older men (n = 159), we found that those men with the lowest levels of serum-induced SIRT1 protein expression were less frail and had higher body lean (muscle) mass. We proposed that serum-induced SIRT1 expression might primarily reflect nutritional intake, with higher levels found when food intake is low, either as a result of illness or caloric restriction (8) . On the other hand, direct measurement of circulating SIRT1 protein in 200 older subjects found that frailty was associated with lower levels of SIRT1 protein (9) .
An alternative option to determine the role of SIRT1 in humans is from the study of SIRT1 single-nucleotide polymorphisms (SNPs). There have been several reports studying the association between various SIRT1 SNPs with longevity (10) (11) (12) as well as a number of different diseases (13, 14) . As yet there is no consensus about whether SIRT1 SNPs influence aging and hence susceptibility to age-related conditions and diseases in humans.
The aims of the present study were to investigate the relationship between serum-induced SIRT1 expression and age, frailty, mortality, and age-related diseases (in a much larger cohort than our previous pilot study (8) ) and to determine whether there are any associations between serum-induced SIRT1 expression and nutritional and body composition biomarkers. Genotyping assays were undertaken to assess whether selected SIRT1 SNPs are associated with age, frailty, mortality, and age-related diseases. Finally, we determined whether there is any relationship between SIRT1 SNPs and markers of nutrition and body composition and with the serum-induced SIRT1 expression assay. These were studied utilizing an established cohort, the Concord Health and Ageing in Men Project (CHAMP) (8, (15) (16) (17) (18) .
Method
Participants CHAMP is a longitudinal study of health and aging in a population of Australian men aged 70 years and older that commenced in 2005 and has been described previously (eg, (8, (15) (16) (17) (18) ). The CHAMP study population comprises of 1,705 men aged 70 years and older living in an urban region (the Local Government Areas of Burwood, Canada Bay, and Strathfield) near Concord Hospital in Sydney, Australia. The sampling frame was the New South Wales Electoral Roll, on which registration is compulsory in Australia. The only exclusion criterion was living in a residential aged care facility. Eligible men were sent a letter describing the study and, if they had a listed telephone number, were telephoned about 1 week later. Of the 2,815 eligible men with whom contact was made, 1,511 participated in the study (54%). An additional 194 eligible men living in the study area heard about the study from friends or the local media and were recruited before receiving a letter, yielding a total cohort of 1,705 subjects. All participants gave written informed consent. The study was approved by the Sydney South West Area Health Service Human Research Ethics Committee, Concord Repatriation General Hospital, Sydney, Australia.
Blood tests were performed at the Diagnostic Pathology Unit of Concord RG Hospital, which is a National Australian Testing Authority-accredited pathology service, using a MODULAR Analytics system (Roche Diagnostics, Castle Hill, Australia). Body composition was measured by dual x-ray absorptiometry (DEXA) using a Discovery-W scanner (Hologic, Bedford, MA). Frailty was defined according to the Cardiovascular Health Study frailty criteria of weight loss, weakness, exhaustion, slowness, and low activity as described (8, 16) . Diseases, smoking, and alcohol consumption were determined by self-report. Mortality data were collected via telephone contact every 4 months and through access to the NSW Registry of Births, Deaths and Marriages. After 8 years of follow-up, 616 deaths had been recorded.
The outcome of aging was indirectly inferred from chronological age, frailty, and age-related diseases.
Serum-Induced SIRT1 Expression Bioassay
An indirect enzyme-linked immunosorbent assay was designed to measure the amount of SIRT1 protein produced by SK Hep1 cells (American Type Tissue Culture Collection, Manassas, VA) due to factors present in human serum as described (8) . The sensitivity of the SIRT1 enzyme-linked immunosorbent assay was 0.125 ng/mL. The mean interassay coefficient of variance was 15.3% (5%-18%). The mean intra-assay coefficient of variance was 7.9% (4%-12%). Linearity was confirmed over a range of dilutions. In each assay, the internal pooled human serum control lysate was spiked with human recombinant SIRT1 to determine percentage recovery.
SIRT1 SNPs
The SNPs rs2273773, rs3740051, and rs3758391 were selected from published human studies on the SIRT1 gene and its association with aging, age-related disorders, and longevity (10) (11) (12) (13) (14) . Primers were designed by the LightScanner primer design software version 1.0.R84 (Idaho Technology; Supplementary Table 1) . Buffy coat genomic DNA samples were outsourced to Macrogen (Seoul, Korea) for genotyping using the standard company protocols with Taqman probes and the ABI PRISM 7900HT Real-time PCR system.
Statistics
All results are presented as mean ± SD and statistical tests were considered significant with a p value less than .05. Only participants with complete data sets were used for each analysis. The correlation between age and serum-induced SIRT1 expression was assessed using the Pearson's product correlation coefficient. The relationships between quintiles of serum-induced SIRT1 expression and frailty were evaluated using analysis of variance and χ 2 test. Log rank and Kaplan-Meier survival analyses were performed according to seruminduced SIRT1 protein expression. Genotypic and allelic frequencies were analyzed using χ 2 test or Fisher probability test statistics. Dominant and recessive models were considered. Bonferroni correction for multiple comparisons was used to generate target p values for statistical significance. Statistical Package for the Social Sciences SPSS (version 23.0' IBM SPSS Statistics Software) and SigmaPlot (version 11.0, Systat Software Germany) were used for analyses.
Results
Serum-Induced SIRT1 Expression and Age, Frailty, Mortality, and Age-Related Disease
The bioassay measurements were completed for serum samples from 1,318 participants (77.0 ± 5.5 years, age range: 70-97 years). There was a bimodal distribution of concentrations but there was no relationship with the age of the participants or their frailty status ( Figure 1A-C) . Kaplan-Meier survival analysis performed according to quintiles of serum-induced SIRT1 expression showed no relationship with survival ( Supplementary Figure 1) . Serum-induced SIRT1 expression levels were not influenced by self-reported history of disease apart from osteoporosis (Supplementary Figure 2) .
There was no difference in the serum-induced SIRT1 expression levels between the robust, prefrail, and frail groups (Table 1) but the distributions of the SIRT1 results appeared to differ between groups ( Figure 1C) as noted in our pilot study (8) . Frail participants were less likely (odds ratio (OR) 0.34, 95% confidence interval (CI) 0.17-0.69) and robust participants more likely (OR 1.31, 95% CI 1.00-1.72) to have a serum-induced SIRT1 expression result in the lowest quintile.
Serum-Induced SIRT1 Expression and Markers of Body Composition and Nutrition
Participants with serum-induced SIRT1 expression in the lowest quintile had anthropometric and blood results ( Table 2 ) that were consistent with increased nutritional intake compared with the rest of the participants. These parameters included higher body weight, height, fat mass, albumin, cholesterol, and hemoglobin levels. Participants with serum-induced SIRT1 expression in the highest quintile had blood test results consistent with reduced nutritional intake including lower albumin and increased creatinine levels. A scatter plot of albumin versus serum-induced SIRT1 expression confirmed a strong negative correlation ( Figure 1D , Pearson's correlation p < .0001). Other biochemical and hematological parameters were not associated with SIRT1 expression (data not shown).
SIRT1 SNPs and Frailty, Mortality, and Age-Related Diseases
The frequency of the alleles for the three SNPs are shown in Supplementary Table 2. SNP rs3758391 was not in Hardy-Weinberg equilibrium confirming another study (19) , which also reported a paucity of the CT heterozygotes.
The distribution of the polymorphisms was not significantly different between the frail, prefrail, and robust groups whether analyzed by allele or genotype (Supplementary Table 3 ). There was a weakly positive association between the distribution of the rs3740051 alleles and the prefrail phenotype (p = .04) but this is not significant Note: ANOVA = analysis of variance; CI = confidence interval; OR = odds ratio. The OR is calculated from participants in quintile 1 (lowest seruminduced SIRT1 expression) vs participants in the other four quintiles.
when adjusted for multiple comparisons. In addition, there were no statistically significant relationships between SNPs and mortality (Supplementary Figure 3) or age (data not shown).
Associations were observed between some SIRT1 SNPs and the diseases and conditions evaluated in the CHAMP database (Supplementary Table 4 ). Both rs3740051 and rs3758391 were associated at the allele and genotype level with arthritis. Other weak associations included rs3758391 with hearing impairment and heart attack and rs3740051 with back pain. The statistical significance of these associations is limited by multiple comparisons and none remain significant following Bonferroni correction. The relationship between the SNPs and MMSE was also evaluated (Table 3 ). There was an association between rs2273773 and MMSE with the CC genotype having a lower score (24.8 ± 3.5) than the TT genotype (27.2 ± 2.9).
SIRT1 SNPs and Markers of Nutrition and Body Composition
Given the associations between serum-induced SIRT1 expression and markers of body composition and nutrition, we also studied the relationships between these parameters and the SIRT1 SNPs. There were many associations between the three SIRT1 SNPs and weight, height, and body mass index and the DEXA measurements of body fat and body lean (Table 4 ) and were strongest for rs2273773. The only consistent 
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Note: The p value for the CC dominant (CC and CT vs TT; AA and AG vs GG) and CC recessive (CC vs CT and TT, AA vs AG and GG) models are provided and are equivalent to the TT recessive and dominant models. association between the SNPs and blood tests was for albumin, which was significantly associated with all three SNPs (Supplementary Table 5 ).
SIRT1 SNPs and Serum-Induced SIRT1 Expression and Ethnicity
There was no relationship between SIRT SNPs and the serum-induced SIRT1 expression bioassay for any of the SNPs (Supplementary Table 6 ). Although the number of Chinese participants was low, there were differences in the distribution of their SNP genotypes compared to Australian, British and Mediterranean participants. Ethnicity did not influence the serum-induced SIRT1 expression assay (Supplementary Table 7 ).
Discussion
Much of the research on the biology of aging over the last decades has focused on putative mechanisms for aging. These include cellular processes such as oxidative stress, mitochondrial dysfunction, impaired autophagy, impaired genome maintenance, telomere shortening, and altered gene expression (20) . On the other hand, there has also been increasing research that has focused on the mechanisms and cellular pathways associated with interventions that influence aging. The most robust intervention known to influence aging is caloric restriction (21) . Recent research has identified four canonical pathways that appear to mediate some of the aging effects of caloric restriction. These include the sirtuins, insulin/IGF1/ GH, AMPK and mTOR, and related downstream proteins such as PGC1α and FOXO (22) . The sirtuin pathway in particular has received enormous attention because an agonist of SIRT1 called resveratrol was found to delay aging in various laboratory models including yeast, Caenorhabditis elegans, Drosophila, and mice (1, 5) . The aim of our study was to evaluate the role of SIRT1 in aging in humans. Two assays were utilized to study SIRT1: the seruminduced SIRT1 expression assay which measures the activity of unidentified circulating factors that stimulate SIRT1 expression in vitro and SNPs in the SIRT1 gene. These were studied in a study of older men (CHAMP) in which we found that men with the lowest results for the serum-induced SIRT1 expression assay were less likely to be frail although the relationship was statistically weak. This result was unexpected because rats and humans undergoing caloric restriction with delayed aging have elevated levels of the serum-induced SIRT1 bioassay (3, 6, 7) and elevated expression and/or activity of SIRT1 is generally expected to be associated with delayed aging and improved age-related health (1) .
To resolve this difference, we previously proposed that the serum-induced SIRT1 expression bioassay reflected nutritional intake rather than healthy aging (8) . Therefore, the relationship between the serum-induced SIRT1 expression bioassay and parameters that reflect nutrition was studied. We found an inverse relationship between this assay and markers of nutrition as high levels of the serum-induced SIRT1 expression were associated with parameters such as lower body weight, body fat, and albumin. The results from the in vitro SIRT1 bioassay were not associated with any particular disease except osteoporosis.
Three SIRT1 SNPs were studied in CHAMP. There were no associations between SIRT1 SNPs and age, survival, or frailty. There were weak statistical associations between some of the SNPs with conditions that are common in older people such as arthritis, cognitive impairment, and hearing impairment. There have been other studies of SIRT1 SNPs with disease and these are shown in Table 5 . These studies have found associations with cardiometabolic risk factors, diabetes mellitus, chronic obstructive pulmonary disease, cardiovascular disease, depression, cognitive function, and in some studies longevity. The possible association between SIRT1 SNPs with a broad range of diseases in this and other published studies might be consistent with an effect on aging biology influencing susceptibility to many age-related diseases.
The relationship between the SIRT1 SNPs, nutritional markers, and the serum-induced SIRT1 expression bioassay was studied. It was found that SNPs were associated with anthropometric measures such as height, body mass index, percentages body fat and body lean, and also with albumin but not with other blood measures of nutrition. There have been other reports that SIRT1 SNPs are associated with changes in body composition that might reflect nutrition. For example, Zillikens and colleagues reported that SIRT1 SNPs were associated with body mass index in the Rotterdam study (23) , whereas Peeters and colleagues found that they were associated with obesity (24) . SIRT1 regulates many processes that influence body metabolism and therefore SIRT1 SNPs may plausibly have an impact on the response to nutrition (1) .
There are limitations to this study. The CHAMP cohort is a group of older men and does not provide the opportunity to study women or the relationship between SIRT1 and aging over a broader range of ages. The serum-induced SIRT1 expression assay measures the effects of unidentified circulating factors and until these factors are identified, the biological significance of the assay remains uncertain. The study of the SIRT1 SNPs examined many aging and disease outcomes, therefore the statistical significance of the results is limited by multiple comparisons and the conclusions can only be considered to be hypothesis-generating rather than definitive. Future studies should focus on repeating these investigations in other populations in order to confirm the generalizability of the conclusions. Studies of the association between SNPs and diseases in single populations must be replicated before the results can be considered to be robust. Our conclusion that SIRT1 might be associated with nutritional factors is inferred indirectly on blood and body composition parameters rather than direct measurement of dietary intake. In addition, participants were all aged 70 years or more, so the results do not capture the aging process over a longer timeframe. A major future goal is to identify the circulating factors that underpin the serum-induced SIRT1 expression bioassay.
Overall, the results of these studies of serum-induced SIRT1 expression and SIRT1 SNPs in CHAMP suggest that SIRT1 in humans is more strongly associated with nutritional markers and body composition, than directly with aging per se. Even so, SIRT1 may indirectly influence aging because of the association between nutrition and aging (8, 25) .
